Abstract. We report a high-directivity plasmon-resonant terahertz (THz) emitter (PRE) incorporating a 3D-integrated antenna complex. The emitter structure is based on a high electron mobility transistor having unique doubly interdigitated grating gates as a broadband THz antenna that can convert non-radiative plasmons to radiative electromagnetic waves. Due to the sub-wavelength aperture of practical grating-antenna dimension, however, present structure of PRE exhibits undesirable diffraction effect, resulting in poor directivity. We developed a new device structure featuring a 3D-integration of tightly-coupled multipleantenna complex to improve the directivity. The directivity of a new device was dramatically improved by a factor of 5.7 over the frequencies from 1.8 to 4.0 THz.
Introduction
Two-dimensional (2D) plasmons in high-electron mobility transistors (HEMT's) have attracted attention due to their nature of instability promoting terahertz (THz) electromagnetic (EM) radiation, which is expected to realize integrated THz sources [1] [2] [3] [4] . We have recently proposed a plasmonresonant THz emitter (PRE) [3, 4] , which is based on a InGaP/InGaAs/GaAs HEMT incorporating original doubly interdigitated grating gates (DGG's) acting as a broadband THz antenna ( Fig. 1(a) ).
Due to the sub-wavelength aperture (!"##$!% & ) of the DGG's region which is limited by the gate-tochannel breakdown voltage, however, the PRE exhibits undesirable EM diffraction, resulting in a poor directivity. On the other hand, self-complimentary antennae like log-spiral antennae (LSA's) [5] are well populated for broadband THz radiation, which has been utilized in a stand-alone manner [6] or in combination with THz discrete optics [7] . In this work, to improve the radiation directivity of the PRE, we propose a device structure featuring 3-D integration of a tightly-coupled DGG's-LSA complex. 
Exp
We char and PRE Improvement on the interconnection process to recover the original radiation gain is the future subject. Figure 3 shows the polar-angle dependence of the radiation intensity at typical four different frequencies: 1.8, 2.4, 3.2 and 4.0 THz. The vertical scale is normalized to the maximum radiation intensity for each type of the sample among those frequencies. As seen in Fig. 3(a) , the PRE without LSA exhibits a poor directivity ~8 dBi (Table 1 ) with a broad distribution from 0 to !6#°$ at all the frequencies; corresponding HPBW is ~80# (Table 1 ). In contrast, as seen in Fig. 3(b) , the radiation ! ' # at all the frequencies from 1.8 to 4.0 THz.
The side-lobe is suppressed below 50% of the main peak. As a result, the directivity is greatly improved to ~23 dBi; corresponding HPBW is !"6°$( Table 1 ). The improvement factor in HPBW is 5.7, which is about three times as high as the estimated value for the simplified model mentioned in section 2.
One can consider a left-handed metamaterial effect on parasitics of the tightly-coupled DGG's-LSA interconnection to explain the causes of such extraordinary directivity. The physical structure of connecting portion can be modelled as a serial capacitor and a shunt inductive/resistive element along with the antenna pattern. Due to the propagation angle the capacitance value may change depending on the distance while the shunt inductance will be monotonically decreased with frequency. This might cause a specific frequency response with electromagnetic bandgap(s) in specific range(s) of the polar angles, which may modulate the original frequency response and radiation pattern. Further investigations and accurate modelling/calculation should be followed, which will be the future subject.
Summary
We proposed a high-directivity THz PRE featuring a LSA-integrated 3D antenna complex structure.
Although the impedance mismatch caused by undesirable interconnection losses deteriorates the radiation intensity almost by one third of the PRE without LSA, extraordinary sharp radiation directivity was successfully obtained over the broadband frequencies from 1.8 to 4.0 THz. The tightlycoupled DGG's-LSA complex metamaterial structure is considered to work for manipulating extraordinary propagation of EM waves.
